To investigate the developmental regulation of the mouse Clara cell 1o-KD protein (mCClO), we raised an antibody against the recombinant mCClO protein. The coding region for the mature mCClO protein was placed in frame with the glutathione-S-transferase gene in the pGEX2-T bacterial expression vector. The GST-mCClO fusion protein was expressed in E. coli DH5a cells. The fusion protein was punfied and eluted using glutathione-Sepharose beads. The GST-mCC10 fusion protein was injected into rabbits to raise antibodies. The rabbit anti-mCC10 antibody was tested by immunoblot analysis using both purified protein as well as extracts of lung, liver, and uterus. The antibodies produced were used in immunohistochemistry and immunoelectron microscopy to detect the cellular localization of this protein in the above organs. This anti-mCC10 antibody will be use-' ful for future investigation of the developmental biology of the lung. (J Iiistochem Cytochem 44:919-927, 1996) KEY WORDS: h n g ; Liver; Uterus; mCClO (mouse Clara cell 10-KD protein); GST (glutathione-S-transferase); Recombinant protein; Immunohistochemistry; Western blot; In situ hybridization,
Introduction
Clara cells are nonciliated secretory cells that line the bronchioles of the lung (1) and represent 20% of the epithelial cells lining the bronchioles (2) . The Clara cells function in metabolism of xenobiotics and in maintenance of pulmonary fluid and electrolyte balance (3, 4) . Furthermore, these cells are postulated to be pivotal in the cell lineage of the bronchiolar epithelium ( 5 ) . The Clara cells secrete surfactant proteins A, B, and D (6,7), as well as a cellspecific marker protein, the Clara cell 10-KD protein (CClO) (8). This marker protein, CClO, is the major secretory product of the Clara cells and has been studied in several species (9-11). Although the major site of expression of CClO is the respiratory tract, this protein is also expressed in the reproductive tract, albeit at low levels (12-15). However, in the rabbit during early pregnancy the uterine expression of this protein exceeds the expression of CClO in the lungs (16) .
Although CClO has been studied in various species, little is known regarding the physiological importance of this protein. CC10 binds polychlorobiphenyl (PCB) compounds, which are environmental pollutants (17) . The binding of PCBs by CClO may imply that this protein is a scavenger, serving to protect the lungs from toxic compounds. The rabbit protein, known as uteroglobin (UG) binds progesterone (18), and this protein has been shown to inhibit phospholipase A2 (17). The latter phenomenon has allowed an anti-inflammatory role for CClO to be postulated, but the function of this protein in pulmonary biology has yet to be defined. Nevertheless, because this protein represents a marker for the Clara cell, CC10 has served as a tool to study the molecular biology of gene expression in Clara cells.
The gene encoding this protein has been cloned for the rabbit, human, rat, and mouse (10, 12, 19, 20) . A comparison of the CClO gene sequences for the different species investigated revealed similarities at the level of both gene structure and mRNA sequence. The genomic structure of the CC10 genes consists of three exons separated by two introns. The deduced amino acid sequence of mouse CClO shows 90%, 52%, and 51% homology to rat, human, and rabbit protein, respectively. The DNA elements regulating tissuespecific expression have been investigated for the rabbit, rat, and mouse CC10 gene by using transient transfection and/or transgenic analysis (13, 21, 22) . In the transgenic mouse analysis, most of the cellular localization has been accomplished using in situ hybridization to the mRNA for this gene (23) .
To perform immunohistochemical analysis and to study the cellular and developmental pattern of expression of the CC10 protein, antibodies against mCCl0 have been raised in rabbit. This was accomplished by creating a fusion protein of mCClO with 919 glutathione-S-transferase (GST) and expressing this recombinant fusion protein in E. coli DH5a cells (24) . The CC10-GST recombinant protein was purified using glutathione-Sepharose beads and the purified fusion protein was injected into two rabbits over a period of 6 weeks to raise antibodies. The antibodies were analyzed by Western blotting and were used in immunohistochemistry, as well as for immunoelectron microscopy of various tissues from mice.
Materials and Methods
Construction of mCClO Expression Plasmid and Isolation of the Recombinant Protein. The strategy for placing the mCClO cDNA in the pGEX2-T expression vector is shown schematically in Figure 1 . The cloning of mCClO cDNA has been previously reported (10). The cDNA sequences for mCClO were located in the EcoRl site of Blue Script (a; Stratagene, La Jolla, CA).
This plasmid was digested with Pst 1 and EcoR1. The ends of the fragment containing the mCClO coding region were converted to blunt ends using T4 polymerase. EcoRl linkers (12 mer; New England Biolabs, Beverly, MA) were ligated to the end of this fragment. The linker-ligated mCClO cDNA was then subcloned into the EcoRl site of pGEX2-T. Clones were digested with Pvu I1 as a diagnostic enzyme to check the orientation of the mCClo insert. Finally, the construction was confirmed by sequence analysis. Purification of mCClO Protein. E. coli DH5a cells (Gibco BRL; Bethesda, MD) were transformed with a recombinant pGEX2-T expression vector containing the CClO cDNA. Transformed cells were grown in 1 liter of TB (terrific broth) in the presence of ampicillin. The ODsw of the broth was monitored until it was between 0.7 and 1.0. At this point IPTG was added to a final concentration of 0.5 mM and the cells were grown for an additional 3-5 hr. The cells were spun down and suspended in a buffer containing 60 mM KCI, 20 mM HEPES, pH 7.9, 2 mM DTT, and 1 mM EDTA. The cells were lysed by using three cycles of freeze-thawing. The cell lysate was subjected to untracentrifugation at 40,000 rpm for 30 min and the supernatant was stored at -70°C in 10% glycerol. Lysates were incubated with prewashed glutathione-Sepharose beads (Pharmacia LKB Biotechnology; Piscataway, NJ) with rocking at 4°C overnight. The beads were washed with " I N 1 0 0 0 (20 mM Tiis-HCI. pH 8.0, 1 mM E m , 0.5% NP40, and 1 M NaCI) and the protein was eluted in the presence of 100 mM glutathione.
Preparation of Polydonal Antibody. Polyclonal antibodies against mCC10 were prepared following the procedure described by Ray et al. (25, 26) . The GST-mCC10 fusion protein was isolated by electrophoresis through a 15% SDS-PAGE gel and the polypeptide band was cut out of the gel. Approximately 25 pg of the protein was emulsified with an equal volume of Freund's complete adjuvant and was injected sc into the rabbit. After 15 days, two booster injections of 25 pg of isolated protein in Freund's incomplete adjuvant were given at 1-week intervals. Blood was collected by ear bleeding and the antibody titer in the serum was tested by ELISA using P-galactosidase conjugate. When the antibody titer was greater than 1:2000. the rabbits were sacrificed and the serum was collected from blood by centrifugation, aliquotted, and frozen at -70°C.
Immunoblot Analysis. The ability of the antibodies to recognize the mCClO protein was tested by immunoblot analysis. The GST-mCC10 recombinant protein was digested for 4 hr at room temperature (RT) with thrombin (10 pglml) in a buffer containing 150 mM NaCl and 2.5 mM CaC12. The digested protein was then subjected to 15% SDS-PAGE electrophoresis along with undigested recombinant protein. Proteins were then transferred electrophoretically to nitrocellulose membrane (Bio-Rad; Richmond, CA). The nitrocellulose sheets were then incubated with mCClo anti-rabbit IgG at a dilution of 1:2000 following the procedure described by the Bio-Rad Immunoblot Assay Kit. The antigen-antibody complexes were then detected with goat anti-rabbit IgG-conjugated horseradish peroxidase (Bio-Rad).
Immunoblot Analysis of the Tissue Extracts. Approximately 200 pg of protein in tissue homogenates was analyzed, along with a thrombindigested mCC10-GST fusion protein. in a 15% NaDodS04-PAGE. The polypeptides were subsequently transferred electrophoretically to a nitrocellulose membrane. The lanes were excised from the blot and incubated with mCClO anti-rabbit IgG at a dilution of 1:2000 following the procedure described in the Bio-Rad Immunoblot Assay Kit.
Immunohistochemical Analysis. Tissues were removed from mice at necropsy, placed in 10% buffered formalin for 4-6 hr, and processed with a Miles VIP automatic tissue processor set for four cycles at 13.4-C. Immunohistochemical staining for mCClO was performed with immunoperoxidase staining as described by Sepulveda et al. (27) . Briefly, rabbit anti-mCClO antiserum was used to detect mCClO in tissue sections. Biotinconjugated goat anti-rabbit IgG (Vector Laboratories; Burlingame. CA) was used as a secondary antibody. The sections were deparaffinized with xylene, hydrated, and penetrated with 0.3% pepsin (Sigma Chemical; St Louis. MO) for 12 min at 37°C. The endogenous peroxidase activity was blocked with 3% H202 in methanol for 10 min at RT. The slides were blocked with normal goat serum and incubated with diluted primary antibody in PBS containing 0.2% BSA and 0.1% Na-azide. The slides were incubated for 3 hr at 42"C, rinsed with PBS, and incubated with diluted biotinylated secondary antibody, Incubation with the secondary antibody was for 30 Immunoelmron Microscopy. Ultrastructural localization of the protein was performed using colloidal gold labeling of tissue fixed in phosphatebuffered 1% gluteraldehyde with 0.2% picric acid and embedded in LR White acrylic resin (28) . Ultrathin sections were incubated for 1 hr with rabbit polyclonal antiserum to mCCIO. washed. apd incubated for 30 min with affinity-purified goat anti-rabbit IgG (Jackson Immunoresearch; West Grove. PA) conjugated to 17-nm colloidal gold particles. Sections were poststained with uranium acetate for electron microscopic study. Semithin sections were also labeled with colloidal gold and studied by light microscopy after silver enhancement (Intense; Amersham, Arlington Heights. IL). Slide that received only the secondary antibody served as controls. 
4-mCClO
In Situ Hybridization. In situ hybridization was performed as described by Cox et al. (29) . with slight modifications. Lung was excised under sterile conditions and fixed in 4% paraformaldehyde in PBS ovcrnight at 4'C. The tissue was then dehydrated and embedded in paraffin. Sections were cut and mounted on silane-coated (3-amino propyltricthosysilane) slides. According to the method of the Riboprobe in vitro Transcription Systems (Promega; Madison, WI), [ 3'S]-UTP-labeled RNA probes were prepared from mCClO cDNA that was cloned into pBlucscript (Stratagme). The antiscnsc probe was generated by linearizing with BamHl and utilizing T3 polymerasc. The control sense probe was generated by restriction digestion with Hind111 and T7 polymerax. Slides were deparaffinized. hydrated. and digested with 20 pglml proteinase K in 50 mM Tris (pH 8.0). 5 mM EDTA for 10 min. After this, sections were washed with PBS and slides were postfixed with 4% paraformaldehyde. treated with 0.25% acetic anhydride, washed in PBS, and then dehydrated. Slides wcrc hybridized with probc at 55% overnight. then washed in 2 x SSC containing SO% formamide and SO mM P-mercaptocthanol at 65% for 30 min. Sectionswcrc then treated GST L kDa 30 21 14.3 with RNAse A in 0.5 M NaCI, 10 mM %is (pH 7.5), and 5 mM EDTA at 37°C for 30 min. Slides were then washed with 0.1 x SSC and dehydrated. For signal detection, the slides were exposed to Amersham Hyperfilm and then dipped in Kodak NTB-2 liquid emulsion (Eastman Kodak; Rochester, NY) for autoradiography.
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Results
Production of Recombinant mCCl0 Protein
DH5a-competent cells were transformed with pGEX2-T recombinant plasmid. The cells were grown in large scale and cell lysates were prepared according to the procedure described above. Figure  2A shows the Coomassie blue staining of the SDS-PAGE gels of the crude extract, as well as the eluted GST-mCC10 recombinant protein. As shown in the figure, the recombinant protein is the major component of the eluate. The lower band in both lanes is free GST. In addition, the gel profile of the proteins after elution has been shown and the" intensity of the band corresponding to GST-mCC10 is reduced dramatically. Although the fusion protein represents the majority of the proteins in the eluate, other polypeptides are also present. We separated the fusion protein by SDS-PAGE. The corresponding band in the gel was cut out after stain-ing and homogenized for injection into rabbits. The mCClO was injected into rabbits as a fusion protein. This was done to enhance the immunogenicity of the relatively small ~O-KD antigen. As shown in Figure 2B , 40 pg of the GST-mCC10 fusion protein was digested with thrombin. Thrombin digestion of GST-mCC10 separates the fusion protein into GST protein and a lower molecular weight band in the range of 5 KD, corresponding to mCC10.
Immunobjot Anajysis of the Purzj%d Protein and Tissue Extract
After protease digestion, the reaction mixture was transferred to nitrocellulose paper along with undigested fusion protein. Figure  3A shows the immunoblot analysis of the fusion protein with and without thrombin at a concentration indicated above. The antibody was used at a dilution of 1:2000 and, as shown, the antibody can recognize the fusion protein mCC10-GST. After digestion, the antibody recognizes primarily mCC10, although there is partial recognition of GST.
To v e r~ that the antibody produced to the recombinant protein would recognize the mammalian protein, Western blot analysis of tissue extracts was performed using the antibody.
Tissue extracts from lung, uterus from a Day 4 pseudo-pregnant mouse, and liver were analyzed along with thrombin-digested recombinant mCC10-GST. As shown in Figure 3B , the antibody recognized a single polypeptide from the homogenates of both lung and uterus. As expected, no signal corresponding to the mCClO was detected in the liver protein extracts. These results agree with previous reports that CC10 could be detected in uterus during early pregnancy or in estrogen-and progesterone primed rat and mouse (30, 31) . These data also represent the specificity of the polyclonal antibody raised against mCC10, because it recognized only the particular polypeptide corresponding to mCClO out of thousands present in the tissue extract. The extreme right lane in Figure 3B represents the prestained marker.
Immunohistochemistry
The antibodies raised against the recombinant mCClO protein were used to detect the cellular localization of this protein by immunohistochemical analysis. Histological sections from mouse lung, uterus, and liver were examined. mCClO could be detected only in the lung sections. The mCClO protein expression within the pulmonary parenchyma was cell-specific, being entirely confined to the bronchiolar epithelium and with no evidence of expression within surrounding alveoli or blood vessels ( Figure 4A ). Figure 4B shows that the antibody to the mCCl0 protein displayed a strong signal in the bronchioles, corresponding to the nonciliated secretory cells. Immunoelectron microscopy was used to verdy the staining of the anti-mCC10 antibodies to the Clara cells. Although the antibody was able to detect uterine mCClO by Western blot analysis of the tissue extract, the sensitivity of the immunohistochemical analysis was not sufficient to detect the uterine expression of mCC10. The antibody was also used on sections of human lung. No signal could be detected (data not shown).
Immunoelectron Microscopy
To verlfy that the antibody was staining specifically the mouse Clara cells, the ultrastructural localization of mCClO protein was studied using the antibody in immunoelectron microscopic analysis, as shown in Figure 5 . The colloidal gold reaction product was easily visualized and showed a specific, reproducible staining pattern. Relatively dense and uniform concentrations of mCClO were detected within approximately half of the membrane-bound secretory vacuoles in Clara cells, as shown in Figure 5B . Similar vacuoles were identified at the luminal interface and within the extracellular debris. mCClO was not present within ciliated respiratory epithelial cells and was detected only within secretory granules of nonciliated epithelial cells in the lung.
DeueLopmentaL Expression of the mCCl0 Protein
The developmental expression of the mCCl0 protein in fetal mouse lung was detected using the antibody to the recombinant protein.
The ability to detect the onset of the mCClO expression in the lung immunohistochemically was compared to that using in situ hybridization. The earliest time at which mCClO could be detected by immunohistochemical analysis was fetal Day 18. The antibody stain-ing could be seen in the luminal side of the Clara cells ( Figure 6C ). In situ hybridization detected the mRNA for mCClo in the lungs at Day 17 of gestation ( Figures 6A and 6B ). The mCClO mRNA was not detected by in situ hybridization in Day 16 fetal lung (data not shown).
Discussion
The mCClO protein has been used as a marker to identify the molecular and developmental regulation of cell-specific gene expression in the lung. However, the analysis of this regulation has been limited to the nucleic acid level. Here, the production of a hightiter anti-CC10 antibody is reported. The antibody produced to the recombinant GST-mCC10 fusion protein recognizes the mCClO protein produced in the mouse lung and uterus. This antibody does not recognize the human CClO protein. This is probably owing to the limited amino acid homology (52%) of this protein in these two species. This antibody was used to detect the expression of mCClO in the mouse lung and the protein could be detected by fetal Day 18 ( Figure 6C ). As shown in Figures 6A and 6B , in situ hybridization analysis detected the mCClO message at Day 17 in the mouse. This discrepancy could be due to the increased sensitivity of in situ hybridization analysis and to the lack of the accumulation of sufficient mCClO protein by Day 17 to be detected by immunohistochemistry. In addition to in situ hybridization and immunohistochemical analysis to detect the protein in the lung, we performed immunoelectron microscopy to specifically identify the cell type that expresses this protein. As shown in Figure 5 , the mCClo protein was localized in the secretory vacuoles of Clara cells attached to the membrane.
One of the major applications of this antibody will be its use for immunohistochemical analysis of the genetically manipulated mouse lung. During the past 2 decades, mouse has been used as the mammalian model system for the study of genetic control of development. This is due to the availability of two potent technologies: transfer of foreign genes into one cell embryo (32) and manipulation of the murine genome using ES cells (33) . The promoters for the rabbit, rat, and mouse CC10 gene have been evaluated in transgenic mice. These promoters have been used to direct high levels of expression of heterologous genes to the Clara cells of the lungs (21, 22, 34) . This antibody represents a means of evaluating the effect of the expression of specific transgenes on the phenotype of the Clara cell by measuring the expression of the endogenous mCCl0 protein. This antibody, in combination with the above technologies, will serve as a means of understanding the factors involved in differentiation of Clara cells.
